Colloidal semiconductor nanocrystals (NCs) emitting simultaneously at two distinct wavelengths are of great interest for multiple applications ranging from ultrasensitive self-calibrating nanoscale sensing to light-emitting diodes and white-light emission. The physical mechanism governing dual emission in core/shell NCs composed of two materials is still under investigation; in particular, the roles of the volume of the shell and of the core/shell interface are not well understood. Here we compare three different PbS/CdS NCs with identical cores, but shells of different thicknesses and different core/shell interfaces. We study photoluminescence (PL) characteristics and ultrafast exciton dynamics with subpicosecond time resolution. We find that dual emission is possible for both thick and thin quantum-confined shells, and for different core/shell interfaces. We show that very thick shells allow the decoupling of shell excitons from core ones and we fully describe the dynamic exciton barrier, connected to efficient shell PL. We discuss the efficiency of shell PL in relation to the properties of the NCs and show that it can give rise to optical gain. Our results provide a comprehensive understanding of the physical phenomena governing dual-emission mechanisms in NCs.
I. INTRODUCTION
Colloidal semiconductor nanocrystals (NCs) are widely explored as functional materials for applications in photonics [1] . Key properties of NCs are simple synthesis methods, solution processability, high-photoluminescence quantum yield, good photostability, and the possibility to control their electronic structure by engineering their composition, size, and shape. Dual-emitting NCs, which show simultaneous emission at two different distinct wavelengths, are particularly interesting due to unique opportunities offered in applications based on ratiometric fluorescence that include ultrasensitive self-calibrating local temperature sensing [2, 3] , high selective ionic [4] and pH detection, white-light emission [5, 6] , white light-emitting diodes (LEDs) [7] , and optical switches. Multiple emission originating from a single particle is advantageous, compared to that from multiple particles, because it results in internally referenced signals, reduction of the impact of external factors, higher detection efficiency, and higher probe concentration [3] . Dual emission in NCs has been obtained mainly through two strategies: ion doping, e.g., copper, manganese, or silver [3] [4] [5] [7] [8] [9] [10] , and synthesis of specific heterostructures [2, 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . NC heterostructures can be grown in mainly four different morphologies: multiple-shell NCs [6, 11, 18, 21] , tetrapods [12] [13] [14] 17] , dot in rod [11, 15] , and "giant" or "big volume" shell NCs [2, 16, 19, 20, 22, 23] . In multiple-shell NCs, it is possible to create a barrier that spatially separates excitons of the first (core) excited state from excitons of the * Corresponding author: margherita.zavelani@polimi.it second one (outer shell), allowing for simultaneous radiative recombination from two domains far apart.
Very intriguing is the case of the other configurations, which are composed of only two materials (dot core and pods, dot core and rod-shaped shell, dot core and big shell). Here, one emission line originates from core excitons, while the second emission line has been ascribed to trap states [6, 17, 19] , excitons in the pods or in the shell confined by a potential barrier [13, 16, 20, 22, 23] , or a saturation effect [15, 22] . Shell emission seems favored by long pod or rod and large shell volume [12, 14, 15, 19] , where usually nonradiative Auger recombination is reduced or suppressed [12, 16, 18, 24] . The most used and studied composition is the CdSe/CdS [12, [14] [15] [16] [17] 23 ] and very few different compositions have been explored [19, 22, 25] yet not fully investigated, despite the fact that they are very interesting because they operate in the spectral region close to the infrared. In very few cases rod and shell emission of CdSe/CdS NCs resulted in amplified spontaneous emission (ASE) [15, 23] or even laser emission [26] , giving additional advantageous properties to the NCs. In this context, it appears that band alignment, interfaces, and shell volume play important roles; nevertheless more studies are needed to achieve a comprehensive understanding of the excited states, charge carrier properties and dynamics, and band alignment dynamic modification, to provide guidelines for the design and synthesis of semiconductor heterostructures composed uniquely of two materials, capable of dual emission.
Here we study PbS/CdS NCs, with identical core and different shell thicknesses and different core/shell interfaces, showing strong or weak dual emission. We analyze the photoluminescence (PL) and probe the electron-hole dynamics with subpicosecond time resolution. The PL from core states is high for all NCs, while that from shell states varies. We find that shell PL can be sustained also with thin quantum-confined shells. We study the efficiency of shell PL and we show its relation with the condition of coupling or decoupling of core and shell excitons. We show that excitons' coupling/decoupling behavior depends on the shell volume and the core-shell interface. Moreover, we observe and describe the evolution of the dynamic hole-blockade effect, study the optical gain, and show that core/shell-decoupled NCs can sustain ASE from shell states. These results provide a deeper understanding of the physics that drives dual-emission processes, highlighting in detail the role of core-shell band alignment and that of the interface, and of the shell volume. This knowledge is very important from a physical point of view as well as for NC engineering.
II. RESULTS AND DISCUSSION

A. Experimental details
We produced different PbS/CdS core/shell NCs with either a "thin" or a "giant" shell and different core/shell interfaces following the procedures described in detail in the Supplemental Material (SM) [27] . In brief, PbS NCs were obtained by using OLA and OA ligands on PbCl 2 and sulfur, respectively, and thermal procedures. Core/shell NCs with thin shell (which we will call core/TS NCs) were synthesized inducing the formation of a thin CdS shell through cation exchange; samples with a "giant" shell were obtained via a subsequent successive ionic layer absorption and reaction (SILAR) procedure at 240
• C under N 2 flow. To vary the core/shell interface the precursor Cd:S stoichiometric ratio was changed from 1:1 to 1:0.8 so as to have an abrupt [22] or alloyed transition [25] , that is, a "sharp" or a "graded" interface. In the following we will refer to core/shell NCs with a giant shell as core/GSS and core/GGS correspondingly for sharp or graded interface. All samples were dispersed in toluene solution. The NCs were previously characterized [22, 25] and showed a narrow size distribution. The core is identical for all cases [22, 25] with a diameter of ∼1.2 nm. The shell thickness is ∼1.8 nm for core/TS NCs and around 6 nm and 5.5 nm respectively for stoichiometric and nonstoichiometric giant NCs. These dimensions were estimated through transmission electron microscopy images (examples in Fig. S1 in the SM [27] ) and inductively coupled plasma-optical emission spectrometry [22, 25] . The NCs do not show a spherical symmetry, but rather a tetrahedral shape. The PbS is in the center of the NC; the CdS appears in the zinc-blende (Zb) phase in the inner part of the NC, close to the core, and in the wurtzite phase (Wz) in the outer region.
We excited the samples using a chirped pulse-amplified Ti:sapphire laser generating 100-fs pulses at 800 nm and 1 kHz repetition rate. Pump pulses were generated by frequencydoubling the fundamental wavelength or by a noncollinear optical parametric amplifier using β-barium borate crystals. For pump-probe experiments, they were modulated at 500 Hz by a mechanical chopper and focused in a spot of (280×380) μm 2 on samples dispersed in toluene. UV-visible probe pulses were produced by white-light supercontinuum generation focusing a part of the fundamental beam in a sapphire plate. Chirp-free differential transmission spectra T /T = (T on − T off )/T off , T on and T off being the transmission of the probe through the perturbed and unperturbed sample, were acquired at different pump-probe delays by a fast optical multichannel analyzer operating at full repetition rate. The temporal resolution of the setup is ∼100 fs. For ASE measurements, we produced a thick film by drop cast deposition. In PL and ASE experiments emission was collected by a spectrometer coupled to a bundle of fibers. Samples were kept in toluene solution and all measurements were carried out at room temperature.
B. Photoluminescence measurements
PL spectra of the samples are reported in Figs. 1(a)-1(c) , pumping at 400 nm, for different pump fluences, corresponding to different average number of excitons per dot, N . In all three NCs a first broad peak appears in the red region of the spectrum, at around 700-740 nm for core/TS and core/GGS NCs and at ∼660 nm for core/GSS NCs. This is attributed to radiative recombination in the PbS core [22] . A further peak appears at around 485 nm for all the samples, which corresponds to a quantum-confined CdS band edge transition, whose signature can also be observed in the knee of the absorption spectrum [see dashed lines in Figs. 1(a)-1(c) ]. This second peak is ascribed to exciton radiative recombination in the Wz-CdS shell [22] . The three samples show PL emission from the shell, yet with completely different weights and behaviors, as we will discuss in the following.
The intensity of core and shell PL as a function of N is plotted for the three samples in Figs. 1(d)-1(f). We observe that in core/TS NCs, shell PL is very weak and strictly follows the evolution of core PL [see Fig. 1(d) ]. This suggests that the core recombination drives the emission processes, and in fact, hole and electron wave functions mostly overlap in the core [19] . The input-output characteristics are linear up to N ∼ = 1 [see inset of Fig. 1(d) ] and sublinear for higher occupancies due to saturation [28] or to a nonradiative Auger mechanism [29] . For N higher than about 12, the slope of the growth of shell PL is lower than that of core PL (see Fig. S2 (a) in the SM [27] ). This is ascribed to a saturation of excitons in the core [30] that leads to a higher number of excitons in the shell, adding a new decay Auger channel in the shell. Conversely, in core/GSS and core/GGS NC shells, the PL signal is strong and shows a linear growth for occupancies N up to 30 or more. This is related to suppression of the Auger effect [29] , due to a decrease of the electron-electron interaction in the big shell volume [31] , and results in a strong and efficient emission from the shell. The reported data allow further interesting considerations. In core/GSS NCs, the shell emission is observed to be stronger than the core emission even for N < 1 ( Fig. S2 (b) in the SM [27] ). This indicates the presence of shell excitons even for very small occupancies and a decoupling between core and shell excitons, giving rise to independent PL emission. The behavior is slightly different for core/GGS NCs, which show a core PL stronger than that of the shell for N up to ∼12 (see Figs. S2(c) and S2(e) in the SM [27] ), corresponding to saturation of the core. In fact, the 1S state of lead chalcogenides is 8-fold degenerate and therefore saturates at N = 12 according to the Poisson distribution of excitons [30] . For N higher than 12 shell PL is more intense than core PL, which shows saturation, and grows independently from core PL. The PL signal from the shell shows a linear trend for very high occupancies up to ∼60. Core/GSS and core/GGS NCs have similar shell volume, but different core/shell interface, so the more efficient shell PL of core/GGS NCs is ascribed to the reduction of the sharpness of the core/shell interface, which prevents the "phonon bottleneck" effect [29, 32] and thus explains the reduction of Auger processes.
The relation between core and shell emissions can also be monitored by analyzing the PL lineshape. The full width at half maximum (FWHM) of time-integrated PL spectra as a function of N is shown in Figs. 1(g)-1(i) . In core/TS NCs the line shape of the PbS emission remains almost unchanged in the whole range of N [ Fig. 1(g) ] and corresponds to single exciton PL, as we cannot detect biexciton emission, which is much faster than the single-exciton one (with time constants of ∼95 ns and ∼1.4 μs, respectively [22] ). Conversely, upon increasing N the narrow CdS emission profile remains constant for very low occupancies, then broadens (by ∼80 meV) and slightly redshifts (by ∼27 meV) for N greater than 1 and smaller than ∼12 [see also Fig. S3(a) ], while for higher N values it remains fixed. Through time-integrated PL only emission processes with comparable lifetimes can be recorded, therefore the observation of the line broadening on the red side of the CdS single exciton peak indicates the presence of radiative attractive biexcitons [33, 34] with lifetime comparable to the single-exciton decay time constant (∼3 ns) [22] . In addition, the shell PL broadening for N higher than 1 indicates that even only one exciton in the core generates an electric field that shifts the energy levels of the heterostructure. This effect grows with N up to the core saturation, which appears at N ∼ = 12, consistently with previous observations. In giant NCs, we observe a In core/GGS NCs we also observe a redshift (Fig. S3(e) in the SM [27] ). These behaviors are consistent with state filling of higher-lying energy states and with state filling of the lower-energy Zb-CdS band-edge states from which excitons can recombine radiatively. The broadening cannot be assigned to radiative biexciton recombination because the linear increase of the intensity indicates a bulklike behavior of the CdS emission; therefore the high e-h pair binding energy and the large exciton spatial extension prevent the formation of biexcitons [23] . Figure 1(i) shows that in core/GGS NCs the FWHM of the PbS emission increases for N higher than about 0.4. We ascribe this to biexciton recombination in the core as in this case we can expect a lengthening of biexciton lifetime due to the smoothed core/shell interface [32, 35] . This can make biexciton emission visible in time-integrated PL measurements, and the PL blueshift [shown in Fig. S3(f) ] indicates the repulsive nature of the biexcitons, which is common in type-II or quasi-type-II band alignment [23, 34] .
Altogether these observations confirm that in core/TS NCs the shell PL is strictly related to core processes and that the shell cannot accommodate large numbers of excitons, while in giant NCs a large number of excitons can stay in the shell giving rise to processes independent of the core ones.
C. Transient transmission measurements
Transient transmission experiments with ∼100-fs time resolution allowed us to gain insight into the exciton dynamics underlying dual emission. We performed pump-probe experiments with the pump photon energy tuned at different values around the CdS band gap and a white-light probe beam, extending from 420 to 600 nm. The T /T spectra for a low number of excitons ( N = 0.2) recorded at various pump-probe delays are plotted in Fig. 2 , while some related temporal dynamics are plotted in Fig. 3 . Such low N was chosen to avoid multiexciton effects. In Figs. 2(a), 2(d) , and 2(g) we observe the behaviors of core/TS NCs. We first tuned the pump at 470 nm to promote excitons directly at the band edge of CdS, to avoid thermalization effects or possible high-energy trap states. In this condition, in Fig. 2(a) , the T /T spectrum presents a single positive band corresponding to the photobleaching (PB) of the CdS (its position corresponds to the negative peak of the second derivative peak of the absorption spectrum [36] ), which forms in less than ∼100 fs and decays very slowly, over the ns time scale that we can probe, with a time constant of few ns [ Fig. 3(a) ]. Pumping with high-energy photons (at 400 nm) [ Fig. 2(d) ] we observe similar behaviors for time delays longer than ∼2 ps, while immediately after excitation we observe a distorted signal due to the Stark effect [37] . Also for pump photon energy lower than the CdS band gap (at 510 nm), Fig. 2(g) , we detect a positive PB of CdS shell, with fast rise time (<300 fs) and similar subsequent behavior as above. This last case represents a clear indication of a quasi-type-II band alignment, with electrons delocalized all over the structure. In the last case, we photogenerate excitons only in the core but we detect a PB signal from the shell; it can happen only if excited electrons are delocalized in the shell, given the high mismatch of the valence band of PbS and CdS. These findings are consistent with the presence of PL emission from CdS states.
In core/GSS NCs, transient spectra reveal a very complex situation. Pumping at the band edge (pump wavelength at 470 nm) for small N values [ Fig. 2(b) ], we observe the instantaneous formation of a positive peak at around 461 nm corresponding to the negative peak of the second derivative of the linear absorption spectrum; since the absorption of core/GSS NCs is dominated by the absorption of the CdS shell in the Wz phase, we ascribe this peak to the PB of the Wz-CdS band gap. A second positive peak appears in the transient spectrum [ Fig. 2(b) ] at long probe wavelengths, which redshifts in time becoming stable in ∼1 ps [see also Fig. 3(b) ]. This is a second PB signal, which is due to the Zb-CdS band gap transition [22] . The temporal evolution of the energy of this peak is due to the relaxation of the strong electric field of core excitons, likewise the Stark effect. The two PB peaks show different time evolution in the first picosecond, with the Wz PB decaying and the Zb PB growing in time, denoting an electron redistribution between the CdS states [ Figs. 3(b) , 3(e), and S4(a)]. At longer time delay both PBs have a long-living signal, with a time constant of ∼3 ns associated with exciton recombination in the CdS shell [22] . Also with the pump tuned at high photon energy, at 400 nm, we observe the two PBs ascribed to the two CdS crystal structures and the same fast electron redistribution in the first picosecond [ Fig. S4(c) ]. Before the formation of the Zb-CdS PB, an initial negative signal (photoinduced absorption, PA) at larger probe wavelengths is observed due to the Stark effect. For low pump photon energy (at 510 nm) we still observe two PBs [ Fig. 2(h)] ; however, in this case, the amplitude of the PB associated with the Wz-CdS band gap is much lower than the amplitude of the Zb-CdS PB. This is probably due to direct excitation of Zb-CdS. Here again we can infer that electrons are delocalized and that the sample has a good quality with no defects, which would have caused long-living PAs. The data allow us to draw the band structure scheme. The bulk energy band gaps of PbS, Zb-CdS, and Wz-CdS are respectively 3 µm [38] , 496 nm, and 488 nm [39] . PbS has symmetric energy structure because of equivalent electron and hole effective masses m * h = m * e = 0.085m 0 (Ref. [40] and electrons, respectively, indicating with m 0 the electron mass at rest in vacuum. Taking into account the quasi-type-II alignment discussed above, we can enlarge the bulk energy band gaps proportionally to the effective masses. The final scheme of band alignment of core/GSS NCs is shown in Fig. 3(d) . Altogether, these results show the excited-state behavior and evolution and demonstrate the possibility of obtaining radiative emission from shell states.
In core/GGS NCs, by pumping at the band edge at 470 nm for small N values [ Fig. 2(c) ] we observe an instantaneous formation of a positive signal that initially presents the two distinct PB peaks (at about 479 and 496 nm) due to Wz-CdS and Zb-CdS, while at longer time delays a broad negative band appears, for wavelengths lower than about 470 nm, leaving a single positive peak at around 496 nm. The negative band of PA forms in a few hundred femtoseconds (∼500 fs) and has a long-living signal [ Fig. 3(f) ], which overcomes the PB in the blue side at long time delays; we assign it to trap states because of its long lifetime [42] and shape [43] . The fast disappearance of the Wz-CdS PB can also be related to a relaxation of excitons from the CdS shell to the PbS core assisted by the graded core/shell interface. Also in this sample, the PB at 496 nm has a long-living signal [ Fig. 3(c) ] with a time constant of ∼3 ns associated with exciton recombination in the CdS shell [22] . Pumping with high-energy photons at 400 nm [ Fig. 2(f) ] we observe the derivative feature associated with the Stark effect immediately after excitation and the peak at 496 nm after the first picosecond in T /T spectra. Even for low pump photon energy (510 nm) we could still detect the positive PB of the CdS shell, even if partially overcome by the PA band. Here again, we can conclude that the electrons are delocalized. Finally, the negative signal at low wavelengths in T /T spectra [Figs. 2(c), 2(f), and 2(i)] has a weight, relative to the PB peak, that increases with decrease of the pump photon energy [see also Fig. 3(f) , in which the signals have been normalized to the peak of the PB band]. This indicates that trap states are correlated to defects at the interface between core and shell, which can be circumvented by proper choice of the pump wavelength. The band alignment that we expect for this sample is as the one of core/GSS NCs [ Fig. 3(d) ] but with a graded interface between the PbS core and the Zb-CdS shell. Here again the data indicate the band alignment and the excited-state behavior.
We also recorded T /T dynamics for different pump fluences. In Figs. 3(a)-3(c) and 3(e) , we plot the results on a long time scale (750 ps) for the pump tuned at 470 nm (CdS band edge), to discard possible effects due to higher energy states [42] . In core/TS NCs [ Fig. 3(a) ], the decay becomes faster by increasing the number of excitons per dot. The dynamics can be fitted by a biexponential function convolved with the instrumental function; for N = 0.2 the first time constant is about 110 ps and the second one 3-4 ns; for N = 1 the first time constant decreases to ∼50 ps, consistently with an Auger recombination process, which is very effective yet for N close to 1 (i.e., when only a small fraction of NCs has more than one exciton, according to the theoretical Poisson distribution, plotted in Fig. S5 in the SM [27] ). Interestingly in core/GSS NCs and in core/GGS NCs, the time evolution of PB is hardly affected by the number of excitons [Figs. 3(b), 3(c) , and 3(e)], thus confirming that Auger decay is barely effective even for high occupancies, in particular for the core/GGS case; this is consistent with what is observed in PL measurements. However, in all three kinds of NCs, shell electrons are long living also at high pump fluences, and can therefore give rise to PL emission from CdS, yet the different dynamics confirm a decoupling of core and shell excitons in core/GSS and core/GGS NCs.
When increasing the pump fluence, and thus N , we observe further peculiar features in T /T data in core/GSS and core/GGS NCs. At very high fluences, the initial electron redistribution in CdS cannot be observed (Figs. S4(b) and S4(d) in the SM [27] ); moreover pumping at the CdS band edge (470 nm), the PB is formed instantaneously (faster than the time resolution of our apparatus) (Fig. S4(b) in the SM [27] ), while pumping at high photon energy (400 nm) PB is formed in about 1 ps (Fig. S4(d) in the SM [27] ) due to thermalization of high-energy excitons. By tuning the pump at 470 nm, we observe a slowdown in the decay, which excludes the possibility of biexciton effects that would instead lead to an opposite behavior [31] . Furthermore pumping at 400 nm and at 470 nm we observe a blueshift of the PB peak associated with Zb-CdS when N increases. In Figs. 4(b) and 4(c) we plot the T /T spectra recorded at long time delays (750 ps) for various excitation fluences (exciting at 470 nm) for core/GSS and core/GGS NCs. In particular in core/GSS NCs this blueshift is accompanied by an increase of the height of the Wz-CdS PB band (at around 461 nm). In Fig. S6 we plot the ratio between the heights of the CdS PB bands, which is related to the state populations, and the peak position of the Zb-CdS peak as a function of N and we observe a very similar trend which indicates a strict relation between these two quantities. In core/GGS NCs, this effect, even if hidden by the PA of traps in the blue part of the spectrum, can be clearly noticed in the red part [ Fig. 4(c) ]. The same blueshift in core/GSS and core/GGS NCs can be observed pumping with high-energy photons at 400 nm (Fig. S7 in the SM [27] ). Conversely the shift is negligible in core/TS NCs [ Fig. 4(a) ]. We highlight that the blueshift of the Zb-CdS PB cannot be ascribed to state filling of higher energy states (Burnstein-Moss effect), because in this case the PB spectrum should broaden, keeping its red side unperturbed [44, 45] . These phenomena instead interestingly indicate that the Zb-CdS band gap enlarges by increasing N in giant NCs. This leads to an increasing barrier between the core and Wz-CdS shell, which prevents the relaxation of Wz-CdS excitons and consequently results in a growing role of Wz-CdS excitons in the transient transmission data. The enlargement of the Zb-CdS band gap is associated with an increase of the electrostatic repulsion among holes in the small core and holes in the CdS shell [16] . These data thus describe completely the dynamic hole blockade effect that results in decoupling of core and shell excitons. Moreover they show that this phenomenon affects all giant shell NCs, independently of the core/shell interface, and has no role in core/TS NCs.
The overall data highlight that core/TS, core/GSS, and core/GGS NCs show a quasi-type-II band alignment in which electrons are delocalized with a very long decay time. This allows radiative recombination in the CdS shell, together with core radiative recombination, resulting in simultaneous dual emission, also in NCs, with thin shell. Beyond this similarity, we also highlight the differences. In core/TS NCs the reduced volume of the particle leads to strictly connected core and shell excitons and to a quite effective nonradiative Auger recombination process. The large volume of giant NCs can overcome these effects, decoupling core and shell excitons and drastically reducing the nonradiative Auger effect, in particular in NCs with alloyed core/shell interface. A very interesting result regards the enlargement of the Zb-CdS barrier due to the electrostatic repulsion of holes in the core in giant NCs, for both sharp and graded interfaces, which depends on the number of excitons in the NC. This dynamic barrier, which we observe in detail, facilitates the emission from the CdS shell in both giant NCs, yet results in better performances in alloyed interfaces. These findings give a rationale to the role of the shell volume and of the core/shell interface and thus provide a further insight into the physics of dual emission so far reported in the literature. All dual-emitting NCs described in the literature are characterized by a large volume of the shell [2, 16, 19, 20, 22, 23] or of part of the structures, like the pods in tetrapods [12] [13] [14] 17] , or the rod shell in dot/rod NCs [12, 15] , in agreement with our conclusions. Here, in addition, we provide information on the role of the core/shell interface in exciton relaxation and describe the dynamical physical processes and the excited-state evolution as a function of time and excitation conditions.
D. Amplified spontaneous emission
A further important feature of NCs is related to the possibility of obtaining optical gain. We prepared films of core/TS, core/GSS, and core/GGS samples, thick enough to allow wave guiding at 500 nm. The films were excited by 100-fs laser pulses at 400 nm incident at 45
• to the sample, focused on a rectangular spot of 1.79×0.09 mm 2 , and emission was collected normally to the substrate (to avoid collection of leaky modes [46] by the fiber-coupled spectrometer). Using the film of core/TS and core/GSS NCs we obtained PL spectra analogous to those shown in Figs. 1(a) and 1(b) . Shining a film made of core/GGS NCs we obtained spectra similar to that of Fig. 1 (c) when pumping at low fluences, while at high pump fluences, higher than a certain value, the CdS band showed a clear line narrowing accompanied by a change in the slope of the input-output characteristics, as reported in Fig. 5 . These are clear signatures of a process of amplified spontaneous emission (ASE). This marks a further difference between core/GSS and core/GGS NCs, dictated by the core/shell interface. These observations denote that core/GGS NCs sustain optical gain due to the large shell volume and a better suppression of Auger recombination and can thus be used as amplifiers or for laser applications.
III. CONCLUSIONS AND PERSPECTIVES
In conclusion, we studied PbS/CdS NCs obtained by cation exchange, followed by SILAR, with sharp and alloyed interface between PbS and CdS, and different shell thicknesses. We found that they have a quasi-type-II band alignment and can give rise to dual simultaneous emission originating from core and shell states, independently of the thickness of the shell (i.e., also in NCs with thin quantum-confined shell) and of the core/shell interface. Nevertheless, while the core PL emission behavior is affected to a small extent by the shell characteristics, the shell PL signal is greatly influenced by the shell thickness and by the core/shell interface. In addition the ratio between the intensities of shell and core PL signals depends on both shell thickness and core/shell interface. Shell PL is weaker than core PL in core/TS NCs, is stronger in core/GSS NCs, and depends on the pump fluence in core/GGS NCs (being weaker or stronger for low or high pump fluences, respectively). We investigated the fast exciton dynamics and described the physics of exciton relaxation, elucidating the process responsible for shell PL. We showed the coupling and decoupling of core and shell excitons. We describe the coupling, and the quite effective Auger recombination process, due to the thin shell. On the other hand we show how the large shell volume and the interface barrier allow decoupling of core and shell excitons. We studied the dynamic behavior of the interface barrier of the CdS in the zinc-blende phase, which is placed between the core and the outer CdS wurtzite shell. We showed the evolution of the dynamic hole barrier in detail and its effect on the decoupling between core and shell excitons. The decoupling allows an efficient shell PL for giant NCs with both sharp and graded interface, especially at high pump fluences in this last case. Last, but not least, we found that the core-shell exciton decoupling in core/GGS NCs enables the achievement of optical gain. All these findings are of great relevance for an exhaustive analysis of dual-emitting NCs, and allow a comprehensive understanding of the physics of single or dual emission in core/shell NCs, highlighting the role of the shell volume and of the core/shell interface. They will also facilitate the engineering of dual-emitting NCs, and ultimately the development of devices based on ratiometric fluorescence or other photonics applications.
